Muon (g — 2) to < 0.14 ppm
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E989 Timeline
« March 2009 — Proposal presented to PAC

— What'’s the real cost?
« May 2009 Cost review by Ron Ray Committee
 November 2009 — Update to PAC

— “Experiment meets the criteria for Stage 1 approval ..

recommends that the Laboratory clarify with the DOE the

prospects for obtaining support for P-989”
e January 2011 — Stage 1 approval
« September 2012 — CD-0 granted

eccommendations:

e June - 20 July 2013 — 14 m diameter
coils moved to Fermilab o B s
« September 2013 — CD-1 review Gl f07 = oioioe

 December 2013 CD-1 approved
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Construction Funds (not ops)

Source $M Comment
DOE OHEP 46.4 CD-1 guidance; $9 M obligated; $12 M
R contingency on remaining (40%)
DOE Early Career 0.5 Casey: trackers ($2.5 M award)
NSF MRI 3.6 Consortium Proposal; Detectors;
Electronics, DAQ, Including 30% match
§ (mostly from Universities)
| [ITALY: INFN 0.40** Laser calibration
S
<| UK: STFC 0.40 Trackers
China: Shanghai 0.25 PbF2 crystals *
v Texas Instruments 0.20 Digitizer chips*
Additionally 50-100 M Storage Ring, Vacuum, Power
E821 Components (re-used supplies, Pbar (now muon) target
And most of the Pbar equipment) system, Beamline elements, ...
Complex The Muon (g-2) Colll3§RMRCher, etc etc,

; _ 3
*part of MRI match formula **$136kFaevI\‘lnal%'1 3 fAi%mazl% %r}ug%jzgé?to 1st year success



E989 Collaboration: 38 Institutes; >150 Members

Domestic Universities I I ltal NZ% England
y . AN 9
— Boston — Frascati, University College London
— Cornell — Roma 2, Livernool
_ lllinois _ Udine P
— James Madison - Pisa Oxford
— Massachusetts — Naples Rutherford Lab
— Mississippi — Trieste
— Kentucky China:
- Michigan _ Shanghai
—  Michigan State ? S
onigan = mm  The Netherlands: @, Korea
— Mississippi — . Q 54
— Northern lllinois University — Groningen KAIST
— Northwestern B Germany: :
— Regis — Dresden FTE Committed
— Virginia O Japan: Survey of Collaboration for P5
— Washington _  Osaka . . .
—  York College - Construction Runnning Analysis
. ia: 2014 - 2016 2017-2018 2019 - 2022
* National Labs f— ussia. ‘ r
— Dubna 91 80 68
— Argonne
Brookh — PNPI
B roo. aven — Novosibirsk
— Fermilab
* Consultants _ :
. Muons. Inc Co-spokespersons: David Hertzog, Lee Roberts

Project Manager: Chris Polly

The Muon (g-2) Collaboration, Fermilab PAC — 22 January 2014



The Muon Magnetic
Dipole Moment

. (in) .
— S
H—Jg >
o _(g-2)

g=2(1+a)

2



The SM Value for a, from e*e- > hadrons

— B

well known significant work ongoing

VALUE (x 10~'1) UNITS

QED (v +/¢) 116584 718.951 £ 0.009 =+ 0.019 =+ 0.007 £ 0.077,
HVP(lo) [20] 6923 & 42
HVP(lo) [21] 6949 + 43
HVP (ho) [21] —98.440.7
HLbL 105 + 26
EW 154 + 1
Total SM [20] 116 591 802 % 425 1.6 & 265 10 £ 2omner (£49,.,)
Total SM [21] 116 591 828 + 43410 =+ 26510 £ 2oimer (£50,.,)

For details see: arXiv:1311.2198v1 [hep-ph] 9 Nov 2013
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ThePhySicsInterestRemainSLarge T T T T T[T T T[T T T[T T T[T T T[T T T T[T T[T T [TrTT
DHMZ —A—] .
BNL E821 Citations 180.2+4.9
HLMNT —
182.815.0 ,
SMXX O I
181.5:3.5 ;
7 BNL-E821 04 ave. _i_
1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 208.9:6.3 i
With the Higgs discovery, there has New (g-2) exp. *
. . . 208.9+1.6 [
been increased interest in our E821 |
reSUIt- |||l||l|||||||||||l||l|||||||l|||l|||:||ll||ll||

140 150 160 170 180 190 200 220 230
a,-11 659 00( @

Aalf9) = (287 £ 80) x 1011

Carey, et al., PRL 82, 1632 (1999)
Brown, et al. PRD 62, 091101 (2000)

Bennett, et al, PRD 73, 072003 (2006)
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New physics enters through loops. What mlght
the g-2 signal imply? o -

105
 Dark Photons D T
« light new vector particles V kinetically s 0
mixed with the photon 3 0f
« Supersymmetry

Orsay

11 1 I
H g K 10 1073 1072 107! 1
my (GeV)

7 17
A Mass scale

100 GeV)?
aﬁUSY ~ (sgnu) 13O><1011( — )
m

Difficult to measure at the LHC

The Uninvented <~ Supersymmetric
, k "shadow " particl
» Perhaps the most important of all |
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The Experiment in a nutshell

« Use the Fermilab accelerator complex to deliver a pure
3.09 GeV/c muon beam.

» Store the beam in a precision magnetic storage ring with
electric quadrupoles and measure w, = ws - @, the rate
that the spin turns relative to the momentum

Wqg = auB — (aﬂ

. — 20.3 Because g > 2, (a # 0); the spin
/ymag IC gets ahead of the momentum

 Measure w, and B
(calibrated to the Larmor frequency of a free proton ).
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Measurement of »,and <B> (w,)
Systematlc error budget IS 70 ppb for each.frequency
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The Beam Plan in a nutshell

Main Injector

Booster/Linac

AZ ke i Gev

I|
MH0

hpctar 8 AR A
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o0 y
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NBAN TRANSFERLINE

Recycler

Eatactr fem RR
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No hadronic flash
- Pions all decay
- Protons removed by a kicker

Forward muons collected




Improvements to reach the precision: * 0.14 ppm

« Statistics (x 21 over E821)
— More Muons — Need ~ 2 x 10" measured decays
* muons delivered more often into the ring
* Improved Muon Storage Fraction
« Systematics (x 3 improvement over E821 - 70 ppb)
— Reduce o, , w, systematic errors
— Better Modeling of stored beam dynamics
— Higher Magnetic Field Uniformity
— More precise B-Field Monitoring and Calibration
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Technical Progress

An incomplete parade of progress on all fronts

The Muon (g-2) Collaboration, Fermilab PAC — 22 January 2014
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p-bar Target Station will be reused along with the
Lithium Lens.
 Working on design of power supplies and beam dump

12 Hz average

A A
Begin cycle End cycle
100Hz -~ " .
Pulse separation 300 ms : W
10 ms —> 31—
‘ ‘ | ‘ ‘H | ‘ ‘ ‘ ‘ ‘ “ ‘ ‘ ‘ sew | preerfuensfewn | £ JFus | S |Fea
< > Beam Dump
Cycle length 1.33 sec I
8.89 GeV/c primary beam 3.11 GeV/c secondary beam &
;&ua
/ONE- 33187




Beamlines

~* Re-use existing Antiproton-source infrastructure
.. : ~» Modify final focus on target for 8-GeV primary
° beam (M1)
* |Improve acceptance / decay-muon capture in
secondary lines (M2/M3)

N » Reconfiguration of extraction region (D30 straight)
Al and extraction from Delivery Ring
* New external beamline to g-2 storage ring (M4/M5)

[ - A}
T
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Measuring particle yield at 3.09 GeV/c

« Beam tests in progress to confirm earlier target-yield
measurements, look at particle type using Cerenkov
counter, and test prototype beam instrumentation. Our
collaborator Breese Quinn is working with AD on this.
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New Superconducting Inflector to replace E821

- R=7112 mm from ring center

Outer cryostat é
) —— [rONn Wedge
_— I
I T ! Upper pole piece
L (1] 77 mm
j% ! /__—Pole bump
: i
«Muon storage
e §llia _region _ __. _
I nﬂe/ct:) d i_~” p=45mm Beam vacuum
X chamber
6_ \ > N Pole bump
Lﬁ SuperconductingP Partition wall
U coils assive superconducting
shield
Iron wedge

Goal: New inflector with no material over the beam and wider aperture
New Inflector Task Force (Boston, BNL, Cornell, Fermilab, KAIST, RAL)

Victoria Bayliss, Tom Bradshaw, Nathan Froemming, Thomas Gadfort, Carol Johnstone,
Vladimir Kashikhin, William Morse, Hogan Nguyen, Brett Parker, Chris Polly, Lee Roberts,
David Rubin, Yannis Semertzidis, Vladimir Tishchenko, Alexander Zlobin
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Improved muon Storage Fraction
(Kicker, Quads and Inflector Upgrades)

Kicker pulse and beam vs. time in E821

Kicker needed to put w [ Desired Kick
Muons onto a Stable Orbit | =t Kicter Pulse

Old kick was too long, | =

EVRVANEY

and not strong enough | ;.
0 202_400\ 600 800 1 00;)ime (‘Z;)O
4 \
ﬂ New C_ornell chl(-er | J—,
=etp| (e [ | —
, = ; -
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Sophisticated Modeling of beam, ring, decays

in the ART framework

& Example: Incoming bunched beam spreading and yielding radial distribution
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Higher (field) Uniformity: OPERA 3D and refined
shimming tools predict improved intrinsic uniformity

Plus:

 Strict temperature stability of
building

« Stable floor in the experimental hall

* Triple # of useful fixed NMR probes

NMR magnet to be acquired from U. Minn.
for precision field work.

« Erik Ramberg in now in charge of
acquisition and setting it up at
Fermilab

* This is the highest priority of the
magnetic field team.



New 1.45T magnet facility at UW to test NMR Probes and
Electronics

Probe inventory being tested

e el — —

Triage and Repairs of Fixed Probes

Electronics to be refurbished, rebuilt or replaced

The Muon (g-2) Collaboration, Fermilab PAC — 22 January 2014

- p. 21



Reduced Precession Systematics:
All new detectors, electronics & DAQ

R — \

Calorimeter active volume

At the SLAC test beam

Single particle beam 2.0 - 4.5 GeV
9 crystals, 5 PMTs, 4 SiPMs

Good energy resolution ~1 pe/MeV.
Excellent energy linearity.

Good timing resolution.

SiPM proved good for photon readout.
SiPM response better than 2 nsec.
In-situ gain calibration by laser

PbF2 crystal purchase in progress
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Wave Form
Digitizer
Highlights

1 Channel Prototype
* final routing/simulation

underway

* FPGA programming

beginning

Protol board complete

* clock distributions studies
* check mechanicals
* MMC firmware

e S
UTCA test stand
'~ * AMC13 clock
distribution tests |
Al crates ordered

‘ ™

-
o
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32 channel prototype Tracker Hardware  Ejectronics from Boston
constructed by

Liverpool, NIU, and
Fermilab

2.342e+005
2.108e+005
1.874e+005
1.640e+005
1.406e+005

1.173e+00:!
H 9.388e+00
7.050e+00

[Pa]
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MIDAS experiment "UKY"™ |

Tue May 28 08:14:35 2013 Refr:10
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[ Start ] [ oDB ] \ Messages ] [ Alarms ] [ Programs ] ‘ Config ]
[ RunLog | [ Logbook | [ Elog | [ Doc |
Run #2014 Restart: Nol Data dir: /data/UKY/mid
Start: Sat May 25 10:15:08 2013 Stop: Sat May 25 10:22:56 2013
Equipment Status Events Events[/s] Data[MB/s]
. MagicBox o 0.0 0.000
: 3 VMEcrate o 0.0 0.000
XIO masterMT 365 0.0 0.000
' EB o 0.0 0.000
ATS9870 o] 0.0 0.000
EMC 5 0.0 0.000
master o] 0.0 0.000
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Building Progress — Beneficial Occupancy 3/14

7]
i

Stable 2’ 9” (84 cm) thick concrete floor for the storage ring
Temperature control £ 20 F
High bay hall 80" X 70’ (21.3 m X 24 m) with a 30 T crane

Temperature and floor stability -~ Much lower systematics on <B> than @ BNL
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New Cryogenics Room: beneficial occupancy 1/8

N' ~ . \*_:,.. e g
Thanks to Russ Alber and FESS

.



Rlng dlsassembly at BNL Steel at Fermilab
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Reassembly Plans

« Beneficial Occupancy in High Bay in Mid March 2014

* 74F-76F Temperature Control System Commissioning in
April 2014

 Practicing Reassembly of Yoke and Pole in ME7 in
January 2014.

 New tools being designed to achieve required placement
accuracy of ~ 1-5 mil for Poles and Yokes.

« Main Magnet Power Supply System belng re-
commissioned in DO. already
powered successfully; load tests
are next.

The Muon (g-2) Collaboration, Fermilab PAC — 22 January 2014



Timeline (bFY)

Activities

2013

2014

2015

2016

2017

2018

2019

2020

2021

Project Milestones

Conceptual Design
Preliminary Design

Final Design

CD-3 work

Accelerator Improvements

Installation Sequence
MC-1 construction
Magnet Construction
Cooldown
Shimming of Field
Install Vacuum, other in-ring eqgp
Install Detector / Electronics
Commissioning and Running
Beam Tests/Commissioning
Experiment Commissioning
Mu + Data Taking
Result 1
Analysis
Result 2
Upgrades, Mu- Run Prep
Mu- Running
Result 3

Project Phase

18/24 m

Representative, not

i

schedule

N
J

!

Experiment Phase

30



Huge progress since our last PAC presentation

« The E989 Collaboration is now very strong, with a large
iInternational component that is making major contributions

* Ring Move almost finished
« Building almost finished

* Prototype detectors being tested in beams at SLAC and
Fermilab

* Ring reassembly to begin by March 2014.

« We are working toward CD-2 review in May-June
timeframe.
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A special thanks to:

« Lab Management, for significant support throughout the
CD-0 CD-1 process, especially to Pier and Nigel for their

essential support.
« DOE OHEP for their strong support.

* Russ Alber and the FESS staff for timely construction of
the MC1 building.

« Strong DOE-Fermilab-BNL cooperation to move the
magnet

The Muon (g-2) Collaboration, Fermilab PAC — 22 Januar y 2014
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Extra Slides
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Muon Campus- Project, GPPs, AIPs

» Relocation and re-assembly of
storage ring: Operations

» Building (Includes cryo plant for
MuZ2e): GPP

 Accelerator modifications
common to g-2 and MuZ2e: AIP

« Beamline construction common
to g-2 and Mu2e: AIP

« Beamline construction for g-2: .
Project Target

e Accelerator modifications for Station

g-2: Project Beam Transfer and
Delivery Ring

= Recycler Ring

-/”

“ Booster
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Additional Theory Slides
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Cross section [nb] stion [nb]

Existing Cross section measurements for e*e- >t~
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Cross section [nb]

Existing Cross section measurements for e*e- >t~
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A significant world-wide effort to determine q "¢ continues

The Muon (g — 2) Theory Value: Present and Future

Thomas Blum!, Achim Denig?, Ivan Logashenko®, Eduardo de Rafael?,
B. Lee Roberts®, Thomas Teubner®, Graziano Venanzoni’

IDepartment of Physics, University of Connecticut,
and the RIKEN BNL Research Center, USA
2Johannes Gutenberg Universitiat, Institut fiir Kernphysik
and PRISMA, Mainz, Germany
SBudker Institute of Nuclear Physics, Novosibirsk, Russia
4Centre de Physique Théorique, CNRS-Luminy, Case 907,
F-13288 Marseille Cedex 9, France
"Department of Physics, Boston University, Boston, MA, USA
SDepartment of Mathematical Sciences, University of Liverpool, Liverpool, UK
"Laboratori Nazionali di Frascati del'INFN, Frascati, [taly

November 12, 2013

arXiv:1311.2198v1 [hep-ph] 9 Nov 2013
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The Standard-Model Value from arXiv:1311.2198

VALUE (x 107*) UNITS

QED (v+/¢) 116584 718.951 + 0.009 £ 0.019 £ 0.007 4+ 0.0774,

HVP(lo) [20] 6923 + 42
HVP(lo) [21] 6949 + 43
HVP (ho) [21] —98.4 +0.7
HLbL “Glasgow Consensus” 105 & 26
EW 154 £+ 1
Total SM [20] 116591 802 + 424 1.0 £ 2610 £ 2other (£490:)
Total SM [21] 116 591 828 + 43410 £ 2610 £ 2other (£50,0:)

a;, P = 116592089(63) x 101! (0.54 ppm)
Aalf9Y) = (287 £ 80) x 1011

al"V' = 154(1) x 10711
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Theory Improvements on the Horizon: H-LO

 |Lowest order hadronic:

— Novosibirsk already has an energy-scan data set in hand up to 2
GeV, with the BaBar statistics. Additional data collection soon.

— BESIII is actively pursing ISR data on 2x, 3w, and 4t channels.
— The Lattice is becoming relevant and could be competitive with
the data driven evaluations by the end of the decade.
 We assume that the experimental cross section errors
can be reduced from 0.7% to 0.4% for EF<1GeV,
and from 6% to 2% for 1 < £ <2 GeV.

6(c)/o present | da,present | 6(o)/o future | da,future
V5 <1 GeV 0.7% 33 0.4% 19
1 < +/5<2GeV 6% 39 2% 13
V5 > 2 GeV 12 12
total 53 26
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Theory Improvements on the Horizon: HL-b-L

* Hadronic Light-by-light
— KLOE is preparing a new run focused on yy* physics using high and
low energy taggers for the scattered e¢* and e,

— BESIII yw* - X, where X =a% n, ', 2n

 Additional model calculations,

— e.g. the contribution of scalar, axial vector and tensor mesons have
recently been calculated, arXiv:1401.0832v1 [hep-ph], which
replaces the estimates used in the “Glasgow Consensus”

— Lattice: “And while the ultimate goal is to compute the HLbL
contribution to 10% accuracy, or better, we emphasize that a lattice
calculation with even a solid 30% error would already be very
interesting. Such a result, while not guaranteed, is not out of the
question during the next 3-5 years.”

« We assumed that the HL-b-L “Glasgow Consensus”
uncertainty would be agreed upon by all parties, =25 x 107!
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KLOE to measure y*y* > hadrons to constrain HLBL

« Constrain the off-shell amplitudes and remove a
significant portion of the theoretical uncertainty on the
HLBL

—< < <

‘_

- P. 40120
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What will the E989 — theory comparison look like?

« With these assumptions of theory improvements, and the
E989 error goal of + 16 x 107! we find the total error on A

IS halved.

Error 20] [21] | Future || e ..
50,81\1 49 50 35 180.2+4.9
5aHLO 42 43 | 26 || mwr -
5aﬁLbL 26 26 25
5(aEXP ay") | 80 80 | 40
AaffPI) = (287 +80) x 10711 | newigaen -
|II|||II|||||||||II||II||||||||||||||i||||||ll||

140 150 160 170 180 190 200 0 220 230
a,-11 659 00( @
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